In the study characterization of steel corrosion in concrete at the macro-and micro-level was performed. Physical (electrical-resistance probes) and electrochemical techniques (coupled multi-electrode arrays) were implemented in order to upgrade the general information that conventional electrochemical techniques can provide. Measurements were performed in mortar exposed to periodic wetting and drying. Steel corrosion damage was assessed by micro X-ray computer tomography (CT) and SEM. The results were compared and interpreted. By combined use of micro-CT and electrochemical methods, new insights into the corrosion mechanisms of steel in concrete were obtained.
Introduction
It is well known that the corrosion of steel reinforcement in concrete is one of the main reasons for the reduced service life of concrete structures [1] . The economic importance of this topic has caused intensive development of new technologies and materials, whose aim is to increase the durability of concrete structures [2] . Simultaneously, deeper knowledge of the basic corrosion mechanisms of steel in concrete has been established. The importance of macro-cells has been known for some time [3] , but their exact explanation and modelling were not realized until recently [4] . On the other hand, it has been confirmed that small non-uniformities in the transition zone between the concrete and the steel reinforcement can represent distinct corrosion initiation sites [5] . It was found that, under specific conditions, the corrosion processes of steel in concrete exhibit very high dynamics, and that corrosion initiation and repassivation might consist of a sequence of several events [6] . These observations have also provided an explanation as to why corrosion parameters and the evolution of corrosion processes in concrete cannot be exactly compared to those which occur in simulated pore water [7, 8] .
One of the main problems in measuring and explaining the corrosion of steel in concrete is the relatively large range of dimensions (a few tens of cm in the case of a structural element, up to a few tens of m in the case of a whole structure). On the other hand, at the same time the distribution of anodic and cathodic sites on the micro-scale could also be very important [9] . In this sense, as opposed to macro-cell corrosion, the term self-corrosion has been applied by some authors [10] . Due to these difficulties, a combination of ''so-called'' mapping techniques (potential mapping, electrical resistance mapping, polarization resistance mapping), as well as confined measurements, are usually used for the assessment of the corrosion of reinforced concrete structures [5, 6] . In some cases the local electrochemical parameters of rebars have been obtained by means of embedded sensors [11] [12] [13] . The limitations and uncertainties of surface applied techniques and various types of sensors are described elsewhere [14] [15] [16] .
A commonly used electrochemical technique for the quantitative assessment of steel corrosion rates in concrete consists of potential mapping and polarization resistance measurements. Electrochemical impedance spectroscopy (EIS) is a more advanced electrochemical technique, since it measures dynamic response over a wider frequency interval [17] . This technique has been successfully implemented for basic studies of the corrosion processes in mortars and concrete [17, 18] , but in the case of practical applications, a simplified method, the so-called galvanostatic pulse technique, is generally used [14] [15] [16] . All the of the above-mentioned electrochemical techniques can be used for monitoring of the evolution of corrosion processes, but during the performance of a single measurement the conditions should be at steady state, otherwise interpretations of results could be misleading.
One of the methods which can be used to detect the initiation of steel corrosion in concrete, and any subsequent repassivation, is electrochemical noise (EN). Since EN consists of current and potential fluctuations that are spontaneously generated by corrosion reactions, the absence of intrusiveness is one of the main advantages of this technique. Although several studies have been performed in connection with various aspects of corrosion [19] [20] [21] [22] , applications of EN for measuring corrosion in concrete are fairly rare [7, [23] [24] [25] . On the other hand, a very similar method, the socalled macro-cell coupling current technique, was widely implemented in concrete some time ago [5, 6] . There is actually no significant difference between the current EN and the macro-cell current techniques, except in the type of signal analysis. In general, measured macro-cell current signals are described primarily in the time domain, whereas in EN terminology various mathematical tools are known (spectral, chaotic, wavelet). Both methods can only be realized with embedded electrodes, where the coupling current can be measured also between the steel and a pseudo-reference electrode made from a more noble material. With a ladder of steel electrodes positioned at different levels in the concrete, the carbonation front and chloride penetration can be monitored, and consequently the corrosion process can be predicted [11] . It has been confirmed that both the EN and the macro-cell current techniques can reliably be used to monitor the dynamics of corrosion processes in concrete [7, 24] .
Measuring with various kinds of electrode arrays is a somewhat advanced EN technique. The first type of such arrays consisted of uncoupled electrodes, known as a so-called wire beam electrode [26, 27] . Coupled electrode arrays, which allow measurements of partial corrosion currents, appeared slightly later [28] . At the very beginning, they were implemented in investigations of the spatiotemporal electrochemical behaviour of selected metals in different electrolytes [28, 29] . More recently, they have been used to study crevice corrosion under various geometrical and environmental conditions [30] [31] [32] , and corrosion evolution under coatings and in soil [26, 33] . Different names are still used, but the term ''coupled multi-electrode array'' (CMEA) has been more or less generally accepted for this type of array configuration. It has been confirmed that CMEA can reliably follow the distribution of anodic and cathodic currents over time. Despite the very promising capabilities of this technique, CMEA has been used only a few times for monitoring steel corrosion in concrete [24, 34] . On the basis of these measurements, maximum localized corrosion rates have been assessed during different stages of wetting and drying of concrete [24] .
One specific type of embedded sensor is an electrical resistance (ER) probe that measures the thickness reduction due to corrosion [35] . Although applications of these probes in concrete are relatively rare, the results have proved that they can accurately determine the cumulative corrosion damage of steel in cementitious materials [7] . Consequently, reliable assessment of the average general corrosion rate over defined time intervals is possible [7] . On the other hand, the response of these probes to localized corrosion types and transient events is limited. ER probes are based on physical response to corrosion, and are therefore not directly susceptible to variations in the electrochemical parameters. For this reason they are particularly suited for the long-term verification of the suitability of electrochemical sensors for corrosion measurements in concrete.
Computed X-ray microtomography (X-ray CT) is a widely accepted technique that is used in medicine and material science [36] . It can be used to obtain 3D images of an internal structure which are combined from multiple cross-sectional X-ray scans. Unlike in the case of conventional X-ray radiography, during acquisition X-ray radiographs are recorded at different angles during step-wise rotation around a vertical axis. X-ray CT has found numerous applications in various corrosion studies, where its possibilities of use have been confirmed [10, 37] . The results of the first attempts to study the internal structure of stone and concrete by means of X-ray CT were presented a decade ago [38, 39] , but more comprehensive studies of steel corrosion in concrete have been performed quite recently [40, 41] .
The main aim of the present study was to monitor and characterize the time and spatial evolution of steel corrosion in concrete. Thus this research was actually an upgrade of our previous experiments [7, 24] . In order to accomplish the aforementioned goal, various electrochemical techniques were combined with selected physical methods. Besides potential mapping, a galvanostatic pulse technique, macro-cell coupling current (EN current) measurements, CMEA (coupled multi-electrode arrays) were used. ER (electrical resistance) probes and X-ray CT (computer tomography) scans were implemented, in order to verify results obtained by the electrochemical techniques. After the tests had been completed, the surfaces of the rebars, electrodes, and probes were analysed by SEM. The results obtained by using individual techniques were compared, and then carefully interpreted. The clearly evident differences observed between them received considerable attention, and the limitations of specific measuring techniques were determined. Some new insights into the corrosion processes of steel in concrete were established.
Experimental

Preparation of the test specimens
Four types of test specimens were prepared for this study, as presented in Fig. 1 . Potential maps and measurements by means of galvanostatic pulse technique were performed on mortar blocks (with dimensions of 3 Â 3 Â 10 cm) with one embedded carbon steel rod (Fig. 1a) . The diameter of these rods was 5 mm. Similarly, specimens for measuring coupling currents were prepared, but 2 rods were embedded in each specimen (Fig. 1b) . One rod was placed 5 mm below the mortar surface, whereas the distance of the other rod to the surface was 20 mm. A coupled multi-electrode array (CMEA) was prepared. It consisted of 25 carbon steel electrodes with a diameter of 0.8 mm, which were arranged in a 5 Â 5 mesh. The centre-tocentre distance of the electrodes was 1.6 mm. Only the crosssections of the electrodes were exposed to mortar, whereas the sides of the electrodes were placed in an epoxy resin (Fig. 1c) . The exact structure of the array, as well as the electrical configuration for the measurements, has been described in our previous work [24] . The thickness of the mortar cover was 5 mm. Prior to concreting the specimens, the steel rods and electrodes were abraded with 1200-grid emery paper, degreased with acetone and then well dried.
The electrical resistance (ER) probes were constructed from 4 resistors made by the electrochemical etching of a 240 lm thick carbon steel plate. The width of the electrical leads in the resistor elements was about 0.5 mm. The nominal surface area of one sensor element was 3.5 cm
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. These resistors were placed as a Wheatstone bridge: 2 of them were protected, whereas the other 2 were exposed to the mortar. Since 2 resistor elements were exposed to corrosion, the nominal corroded surface area of the corroding part was 7 cm 2 . The exact construction of the probe, and the measurement procedure, has been described in one of our previous papers [24] . The thickness of the mortar cover was, in this case, too, 5 mm (Fig. 1d) . Before installation of the probes, the steel surface was cleaned by ethanol and dried.
The mortar was prepared from ordinary Portland cement CEM I and sand of granulation 0-0.5 mm. The water to cement ratio was 1:1, whereas the cement to sand ratio was 1:4. In order to avoid the occurrence of any shrinking cracks due to the relatively thin mortar cover, polypropylene fibres were pre-mixed into the mortar. After 7 days of curing, a compressive strength of 19 MPa was reached. All of the above-mentioned parameters indicated that carbonation and chloride contamination could occur quite rapidly, ensuring a relatively short duration of the experiments. This was confirmed by the exposure of the specimens to accelerated carbonation in a chamber with a controlled temperature of 20°C, a relative humidity of 55%, and a CO 2 concentration of 4% [42] . After 24 days of exposure in this chamber, the entire cross-section of the specimens was carbonized. The degree of carbonation was checked by means of phenolphthalein which was applied to the reference specimen, and pH measurements.
Exposure procedure
All the 4 different types of test specimens were treated in the same way. Firstly, they were completely carbonated. They were then exposed to 2 subsequent series of wetting and drying series, each consisting of 6 cycles. Every cycle lasted for 7 days, and consisted of a 2-day wetting period followed by a 5-day drying period. During the first 6 cycles, distilled water was used for wetting, whereas in the second 6 cycles a 3.5% NaCl solution was applied. There was a pause of 5 days between the two series of cycles, in order to perform X-ray CT investigations of selected specimens. At the beginning of each wetting period a 3 mm deep distilled water or NaCl solution was poured in a small pool on the mortar surface, made of a thin epoxy coating. These pools were then covered with a lid, in order to minimize evaporation. After the first 2 days of the wetting period, the water or NaCl solution was removed from the surface, and samples were left to dry. The bottom surfaces of the specimens were exposed to air, whereas the vertical sides were covered by the epoxy coating.
During the tests, a number of reference specimens without rods were subjected to the same exposure procedure as the working specimens. After the tests had been performed, after a total duration of 89 days (including the pause of 5 days), mortar from the reference specimens was crushed. The powder was diluted with distilled water using the ratio 1:3, and this was followed by assessment of the pH values and Cl À concentrations [43] . The average values were approximately 9.2 for the pH, and 0.6% for the concentration of chlorides.
Descriptions of the measuring systems
The electrochemical potentials and corrosion currents of the investigated rebars in mortar were measured by the galvanostatic pulse technique, using the commercially available instrument GalvaPulse, from Force Technology, Denmark. According to the basic requirements of this measuring technique [15, 44] , an anodic current pulse of short duration and with a small amplitude is periodically applied between the rebar and external counter electrode on the mortar surface. The potential response was measured by means of an Ag/AgCl reference electrode. The guard ring of the counter electrode around the reference electrode, which had a diameter of 100 mm diameter, served to limit the polarization area and to induce the galvanostatic pulse polarization. The duration of the pulse was 10 s, and its amplitude was 50 lA. Thus the total surface area of the polarized steel was 15.7 cm 2 , and the polarization current density was 3.2 lA/cm
The measurements were performed once per cycle, at the end of every wetting period. The values of the corrosion current density were obtained by using the Randles approximation of an electrochemical system, which is a commonly used procedure in the galvanostatic pulse technique [15] .
The coupling current was measured between the upper and lower rebars continuously via a 100 X resistor, by means of a highimpedance voltmeter. The exposed surface area of each rebar was 15.7 cm 2 . The sampling rate was 1/10 min
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. The measuring procedure was similar to the standardized procedure [45] , but, due to the periodical wetting and drying, the anodic and cathodic areas were not exactly defined. This made the estimation of the corrosion rate from the measured coupling currents somewhat unreliable.
The array consisted of 25 micro-electrodes of carbon steel that were positioned as a 5 Â 5 mesh. The micro-electrodes were connected via ZRAs (zero-resistance ammeters), so that all of them were virtually short-circuited. The measuring system thus consisted of 25 ZRAs, which were connected via a multiplexer to a voltmeter. The maximum input range for the current measurements was ±50 lA, with a resolution of 1 nA. The sampling rate was 1 Hz. The basic configuration for measuring partial electrochemical currents has been described in one of our previous papers [24] .
It has already been stated that the ER probes consisted of 4 resistor elements, arranged in a Wheatstone bridge. The structure of the probes ensured that all the resistors were at the same temperature, so that temperature changes were inherently eliminated. Reduction of the exposed resistor thickness was monitored by measuring the voltage drop, and the voltage difference on the Wheatstone bridge. The amplitude of the supply current was 50 mA, whereas the duration of each pulse was 1 s. The construction of the probe and the measurement procedure are fully described in one of our previous papers [7] . The sampling rate of the measurements in this experiment was 1 per day, in correlation with other measurements.
Post exposure examination
After 12 cycles of exposure, detailed examinations of the corroded steel bars was performed. Using X-ray micro-CT (XRadia99, USA), the specimens were examined non-destructively before being dismantled. A spatial resolution of around 4 lm voxel was achieved, which allowed clear detection of individual pits on the CMEA electrodes, as well as on the ER sensors. It should be pointed out that X-ray CT was applied also after the first 6 cycles (wetting with water), but the resolution was about the same as the order of magnitude of the corrosion damage. Additionally, it should be mentioned that the X-ray CT scanning of concrete specimens in cm dimensions with the highest resolution is relatively time-consuming (in the order of a week), which makes wider implementation of this technique during such experiments somewhat difficult. For this reason only a few specimens were scanned with the highest resolution.
After the X-ray CT scanning had been performed, the specimens were dismantled, and then inspected by SEM. The rebars and the probes were first immersed in a 50 vol.% HCl solution with 3.5 g/L of urothropine, for 5 min. The steel surfaces were then cleaned with ethanol and well dried. A low-vacuum JEOL 5500 LV, JEOL scanning electron microscope (SEM) was used to systematically investigate the steel surfaces. The amount and type of corrosion damage were evaluated.
Results
Galvanostatic pulse measurements
It has been mentioned above that the corrosion of rebars was monitored in 4 identical mortar specimens by the galvanostatic pulse technique. Corrosion potentials and corrosion rates were obtained at the end of each wetting period (Fig. 2) . It was observed that the potentials fluctuated slightly during wetting with water and the chloride solution, but without any general trend. During the first wetting cycles with chlorides the measured potentials even somewhat increased, but a clear negative trend of potentials can be seen during the last part of the exposure. On the other hand, the measured corrosion rates continuously increased during the measurements. The average measured corrosion rate during the first 6 cycles (wetting with water) was around 110 lm per year, whereas the average corrosion rate during wetting with the chloride solution was significantly higher, around 670 lm per year. The highest corrosion rate was 840 lm per year.
It is clear that these corrosion rates are relatively high: the total average corrosion rate was approximately 390 lm per year. One specimen was investigated more fully by means of X-ray CT. Some wider pits, a few tens of lm wide and deep were found, but mild general corrosion formed the predominant form of corrosion damage (Fig. 3) . The total volume of the corroded steel was estimated from the X-ray CT scans. Taking into account the fact that the corrosion damage was generated mainly during the exposure to chlorides, the estimated average corrosion rate was around 65 lm per year. The largest pit had a depth of roughly 150 lm, which corresponded to a corrosion rate of approximately 1300 lm per year.
It should be mentioned that the resolution of the X-ray CT was, in this case, relatively poor (20 lm), so that the estimated corrosion rates may not be quite accurate. The SEM analysis of the steel surfaces, which was performed after dismantling of the specimens, confirmed the type of corrosion damage: shallow corrosion damage including a few deeper corrosion spots, with clearly visible non-corroded areas.
Coupling current measurements
The coupling currents were measured in 2 specimens during successive wetting and drying cycles: 2 rods of carbon steel were embedded in each of these specimens. The upper rod was located 5 mm below the exposed surface, whereas the lower rod was positioned 20 mm beneath this surface. The measured coupling currents are presented in Fig. 4 : the negative currents correspond to anodic behaviour of the upper rod, and to cathodic behaviour of the lower rod. In the case of positive currents the situation is, of course, reversed. It can be clearly seen, in the first cycles, that wetting initiated anodic reactions on the surface of the upper rod, whereas the bottom rod acted as a cathode. During drying, the upper part of the specimens dried out first, whereas the bottom section remained wet. Thus, during the course of drying, the direction of the coupling current changed. The highest amplitudes were observed very soon after the start of the wetting and drying, when the difference in humidity between the upper and bottom sections of the specimens was the greatest.
This repeatable behaviour started to change during the fourth or fifth cycle, but especially after starting wetting of the mortar with the 3.5% NaCl solution (day 48). There were, presumably, two main reasons for this change in the current response. After the corrosion products had formed, the drying process at the steel surface slowed down, so that the anodic areas remained active longer in the case of both rods. This process was reflected in the smaller amplitudes of the measured currents, although the corrosion activity did not diminish. During wetting with the 3.5% NaCl solution, this phenomenon became even more evident; after a clear and relatively long-lasting response of the current in both the negative and the positive directions in the first 2 cycles, the behaviour became quite irregular. On the other hand, sharp current spikes at the very beginning of the wetting and drying periods can be observed. It can be concluded that, within these short periods, the anodic and cathodic roles of each rod were clearly defined.
Based on the assumption that the positive and negative parts of the current measurements corresponded to the corrosion activity of the upper and lower rods, respectively, it is possible to calculate the material loss of each rod by integrating the measured current. In this way the average corrosion rate during the selected time intervals can be estimated. The estimated values for both specimens are extremely low: in the case of wetting with distilled water, between 0.3 and 1.3 lm per year for the upper rods, and between 1.7 and 2.7 lm per year for the lower rods; in the case of wetting with the 3.5% NaCl solution, between 2.0 and 2.9 lm per year for the upper rods, and between 1.3 and 2.9 lm per year for the lower rods. The cumulative corrosion damage for all the rods obtained from the coupling currents are almost negligible: less than 1 lm. It is quite reasonable that the estimated corrosion rates are, in the case of the bottom rebars, slightly higher than in the case of the upper ones. Additionally, there is no pronounced difference in the amplitude of the response when wetting by distilled water and the 3.5% NaCl solution. This is because the distribution of anodic and cathodic sites between the rebars is relatively uniform, even though the corrosion rates increased considerably during wetting with the chloride solution.
It is evident that the corrosion rates estimated from the coupling currents are very low. One specimen was more fully investigated by means of X-ray CT. The corrosion damage that was found was very similar to the previous case (Fig. 3) . Moreover, no clear difference was observed between the upper and lower rods. Some larger pits, a few tens of lm wide and deep, were found, whereas the mild general corrosion was mostly below the resolution of the X-ray CT technique. The results of the SEM analysis of the steel surfaces of the rods confirmed the observations which had been obtained from the X-ray CT scans. It is clear that the corrosion rates estimated from the measured coupling currents considerably underestimated the actual corrosion processes.
Measurements with the CMEA
Partial corrosion currents were measured between the 25 micro-electrodes in the array. An anodic response of a single electrode corresponds to a positive current, whereas a cathodic response corresponds to negative values of the measured current (Fig. 5) . The vertical lines define the starts and the ends of the wetting and drying periods. Above each period the total material loss for each electrode is presented by a colour mesh: a red colour defines the largest corrosion damage, a white signifies an intact electrode in that particular cycle. The first 6 cycles were performed with distilled water: one cycle consisting of 2 days of wetting, and next of 5 days of drying. The partial corrosion currents measured during these cycles are presented in Fig. 5b and c. It can be seen that each wetting initiated a rapid increase in the anodic and cathodic currents, which, during the drying periods, slowly decreased to zero (Fig. 5b or c) . The overall response of the measured currents was roughly similar in every cycle, but individual electrodes did not behave in the same way during all the cycles. In fact, in every cycle a different electrode was the most active. Typical values in the case of the most active electrodes for the first 6 wettings were between 10 and 30 lA/cm 2 , which corresponds to a corrosion rate of 110-340 lm per year. During the wetting and drying periods, the corrosion process was very dynamic, so that the average corrosion rates of individual electrodes were considerably lower. Moreover, since certain electrodes were intact (cathodic) during all the cycles, the average corrosion rate of the entire array (25 electrodes) was even smaller.
It has already been mentioned that the most anodic electrodes in any particular cycle were completely uncorrelated to the anodic electrodes in the previous cycle. There was only one single electrode which showed active corrosion behaviour (as an anode) in multiple cycles; this was electrode E3, which was fairly active in cycles 4, 5 and 6. During the drying periods, the measured anodic currents decreased to negligible values within the first two days after water removal. The cumulative corrosion damage for a given time period was calculated by simple numerical integration of the anodic current. At the end of cycle 6 the most heavily damaged electrode was electrode E3, with a loss of material of 1.6 lm. This damage corresponds to an average corrosion rate of approximately 14 lm per year, over 6 weeks of exposure, in the case of this particular electrode. In the case of the entire array (all 25 electrodes) the average corrosion rate for the first 6 weeks of the exposure was 3.2 lm per year. It is clear that, at this point, the corrosion damage was still too small to be observed by means of X-ray CT.
After cycle 6 had been completed, chlorides were induced into the mortar by wetting with a 3.5% NaCl solution. The responses, i.e. the measured partial corrosion currents during cycles 7-12, are presented in Fig. 6 . It is clear that the measured currents were significantly higher than those measured during the previous 6 cycles: the highest anodic current densities were around 200 lA/cm 2 , which corresponds to a corrosion rate of roughly 2 mm per year. However, at certain points a few pronounced current peaks were observed: these spikes, within a range of up to 10 mA/cm 2 , cannot be clearly seen in Fig. 6 due to the limited scale. The highest current peaks were observed immediately after pouring the NaCl solution onto the specimen's surface, and they lasted for a few hours. A second group of peaks was generated shortly after removing the solution from the surfaces, at the end of the wetting periods. Similarly, as in the case of wetting by water, no anodic electrode was observed which would be active during several consecutive exposure periods: 2 electrodes were active in 2 subsequent cycles (A4 and E3). However, in most of the cycles treated with the NaCl solution, there were only a few dominant anodic electrodes, which indicated more localized corrosion compared to the first 6 cycles using distilled water. In the case of wetting with the NaCl solution, the corrosion currents also decreased significantly during the drying periods. However, they did not drop close to zero, but stayed mostly in the range between 5 and 15 lA/cm 2 . That means that some of the electrodes corroded even during the supposedly dry stages, with a corrosion rate of roughly 100 lm per year. The average corrosion rate for the 2 most corroded electrodes (A4 and D2) was, over all 6 periods of wetting with the NaCl solution, estimated to be approximately 290 lm per year. The average corrosion rate over the entire exposed area (25 electrodes) was roughly 60 lm per year, which is nearly 20 times faster than in the case of wetting by water.
The coupled multi-electrode array (CMEA) was thoroughly investigated by means of X-ray CT (Fig. 7a) . The spatial resolution of X-ray CT scans for the entire array was roughly 10 lm, which means that the scanning was relatively coarse compared to the scale of the estimated corrosion damage (Fig. 7a) . It can be clearly seen that a few of the electrodes were heavily corroded (A4, C2, D2), whereas half of the remaining electrodes showed medium damage (A5, C1, C4, D1, D3, D5), and the other half (A1, A2, A3, B1, B3, B4) remained completely intact. It is clear that the observations obtained on the basis of the X-ray CT scans are in complete agreement with those obtained from the measured currents.
In order to correlate as closely as possible the measured signals in the CMEA and the corrosion damage, selected electrodes with an anodic response were scanned with higher precision: the spatial resolution of the X-ray CT scans being, in this case, around 4 lm.
The scans of 2 electrodes (C2 and D2) can be seen in Fig. 7b . It is clear that the pits on these two electrodes were much deeper (several hundreds of lm) than the scanning resolution, so that relatively good accuracy for the estimation of the corroded volume was ensured. The results obtained from the measured currents by means of the CMEA, and the results estimated from the X-ray CT scans, are presented in Table 1 . It can be clearly seen that the results are mostly comparable within the resolution of the scans. The relatively large error which occurred in the case of the scan of electrode A4 was due to the absence of any major pit, and there was fairly uniform corrosion damage across the surface. It is clear that even in cases of predominant pitting the majority of the corrosion current was measured by means of the CMEA -the volumes obtained from the measured currents would, otherwise, be much lower.
Measurements with ER probes
In the last group of specimens, measurements were performed on embedded electrical resistance (ER) probes. Four specimens were treated with an identical procedure, as all the others. Fig. 8 shows the effective thickness measured on the ER probes, and the corrosion rates estimated as the time derivatives of the thicknesses. It can be seen that the time resolution of the system was too low to be able to observe clear changes in the corrosion rates during any single period of wetting and drying (the sampling rate of the measurements was 1 per day). On the other hand, an increase in the corrosion rates can be observed. The corrosion rates during the first 6 cycles increased significantly from approximately 3 lm per year to roughly 20 lm per year. After this, when the specimens were exposed to the effect of chlorides, the corrosion rates increased rapidly and then remained more or less constant, within a range between 23 and 58 lm per year. It can be seen, however, that not all of the ER probe samples corroded to the same extent: the lowest corrosion rate was measured in the case of specimen 4, with an average rate of 23 lm per year during the last 6 cycles, whereas the highest corrosion rate was measured in the case of specimen 2, with an average rate of 47 lm per year. It can also be seen that the corrosion rates observed during wetting with the 3.5% NaCl solution were roughly 10 times greater in comparison with the rates observed during wetting with distilled water.
A selected ER probe (from specimen 2) was investigated by means of X-ray CT. The spatial resolution of the CT scans (roughly 30 lm) that were performed on the mortar specimen was too low to be able to detect all the details. On the other hand, numerous corrosion spots on the resistance element were clearly indicated (Fig. 9a) . Due to the multilayer structure of the probe it was not possible to increase the resolution of the X-ray CT scans. For this reason a more exact analysis of the probe (with a resolution of around 1 lm) was performed after dismantling of the specimen.
It was concluded that X-ray CT is a very powerful tool also for the investigation of corroded surfaces without any cover. The cross-section of the lead within the ER probe indicated slight general corrosion, combined with a few deeper pits (Fig. 9b) . Some crevice corrosion on the protected side (at the bottom) can also be observed. A top view of the lead clearly confirmed the presence of minor general corrosion and numerous pits, including a few deeper ones (Fig. 9c) . Although the resolution of the SEM analysis was higher (Fig. 9d) , the X-ray CT scans provided a better 3D image. An excellent correlation between the two images can be seen.
Discussion
Four different methods were used to monitor steel corrosion in mortar specimens exposed to the same wetting and drying treatment: galvanostatic pulse measurements, coupling current measurements, CMEA, and measurements using ER probes. It is clear that the results obtained by these methods were, in some cases, comparable, but in other cases they differed significantly. A comparison of the results, averaged over longer periods, is presented in Table 2 . It can be clearly seen that the corrosion rates obtained when using the GP technique were relatively high, whereas the values estimated from the measured coupled currents were fairly low. The corrosion rates estimated by means of CMEA (i.e. for the entire array), and by means of the ER probes, were somewhere in between, and quite comparable. There was a similar relationship between the maximum average corrosion rates (see Table 3 ) during a single wetting period, and also between the maximum instantaneous corrosion rates (see Table 4 ). The sampling rates for the GP measurements, as well as for the measurements with the ER probes, were fairly low, so that the instantaneous corrosion rates were not much higher. On the other hand, the maximum corrosion rates obtained when using the CMEA (at a single electrode) were very high.
It is clear that one of the main reasons for different observed corrosion rates is the complexity of the corrosion processes on steel in mortar, in relation to the limitations of the individual methods. The currents measured by means of a CMEA directly reflect the corrosion process over time and in space. Due to this capability measured maximum corrosion rates could be very high, but, with averaging over the whole array over a longer period of time, these values are generally significantly lower. On the other hand, ER probes themselves average the response to localized corrosion, since pitting does not affect the entire cross-section of the lead -at least not until the cross-section is already significantly reduced. The time response of ER probes is to some degree averaged by a similar process, except in the case of predominant uniform corrosion. The limitations of the coupling current measurement method have already been mentioned: basically, the method is comparable to CMEA, but the area of the two electrodes used in this method is much larger than that in the case of the CMEA sensor. Due to this larger area, anodic and cathodic sites are frequently not completely separated between the two electrodes, so that only a part of the corrosion current can be measured. The time resolution is, as in the case of CMEA, defined by the sampling rate.
The galvanostatic pulse (GP) method is commonly used on real concrete structures, in order to assess corrosion rates at specific locations. As has already been noted, it was found, in this study, that the measured values were somewhat higher than those Table 1 Loss of material in lm 3 determined by means of the CMEA and from the X-ray CT scans.
Electrode CMEA X-ray lCT obtained by using other methods. It is assumed that there are two main reasons for this lack of agreement. In this study the GP measurements were performed at the end of each wetting period; at this particular point the corrosion rates were relatively high anyway, and it is uncertain as to what extent these values could be extrapolated for longer time periods. It is believed that the dynamics of corrosion processes in real concrete structures are, in general, more moderate, but frequent measurements are still needed if reliable assessments of corrosion rates are to be obtained. The second reason is, presumably, related to the method used to analyse the measurements: as has already been described, corrosion rates were obtained by using the Randles approximation of an electrochemical system (one time constant). There are some indications that, with the growth of corrosion products, this approximation is no longer valid, so that the obtained values are overestimated. Both possible reasons will be one of the subjects of the authors' ongoing investigations. The results of the study described in this paper clearly showed that X-ray CT is a very powerful technique for studying the corrosion of steel in concrete. Contrary to most commonly used methods for the evaluation of corrosion damage, this technique can be used without any damage being caused to the investigated concrete specimen. This makes it possible to follow the evolution of corrosion during the exposure of specimens, and to correlate the corrosion damage directly to results obtained by using other methods. The capabilities of X-ray CT can be identified from Figs. 3, 7 and 9, but the clearest evidence of its effectiveness is presented in Fig. 10 . After the specimen had been dismantled, the CMEA was carefully inspected also by SEM. A comparison of the SEM micrographs and the X-ray CT scans of two of the corroded electrodes (C2 and D2) revealed excellent agreement: the boundaries of the pits matched completely within the limits of the method's resolution (Fig. 10) . This means that X-ray CT can be used in concrete specimens to measure steel corrosion even at the microlevel. Thus, the only deficiencies of X-ray CT are connected to the dimensions of the specimen, and to the relatively large amount of time needed to perform the measurements.
Conclusions
Various techniques were applied to monitor the corrosion processes of steel in mortar during periodical wetting and drying cycles. Besides a group of electrochemical methods, electrical resistance (ER) probes and X-ray computer tomography (CT) were implemented. It was found that that the results obtained by these methods were generally comparable, but in specific cases they differed significantly.
Corrosion rates obtained when using the GP (galvanostatic pulse) technique were somehow higher than those obtained by using other methods. Two possible reasons for this lack of agreement were suggested. To the contrary with the GP technique, the results obtained by coupling current measurements generally underestimated corrosion rates. X-ray CT indicated that anodic and cathodic areas were distributed at both steel rods, what caused that only a minor part of corrosion current was measured.
It was confirmed that the used microelectrode array successfully followed the time and spatial evolution of steel corrosion in mortar. The measured currents revealed the temporal anodic and cathodic activities of the individual electrodes, and detected localized corrosion rates. It was found that the distribution of active corrosion areas within the mortar changed over time, and that usually neighbouring electrodes did not corrode simultaneously. It was found that no electrode actively corroded during all the wetting periods, and that some electrodes remained passive during all the cycles.
The electrical resistance probes (ER) can reliably measure the average general corrosion rate, but their response to the high dynamics of steel corrosion in mortar was somehow diminished. Capability of these probes to detect predominant localized corrosion is also limited.
Micro X-ray computed tomography (CT) was found to be a very effective, non-destructive tool for the assessment of the corrosion of steel in mortar, including the type and size of damage.
